Penicillin-resistant mutants of Staphylococcus aureus H were similar to the parent in their response to penicillin though proportionately more penicillin was required for a given effect. The mutants did not inactivate penicillin. Most of the penicillin-binding sites (presumed to be murein transpeptidase molecules) bound penicillin rapidly when exposed to a very low concentration of penicillin (0.1 ,ug/ ml), and yet the mutants retained some functional murein transpeptidase even in the presence of 500 ug of penicillin per ml. An hypothesis based on (i) functional versus nonfunctional transpeptidase molecules and (ii) variations in accessibility to penicillin can explain these findings.
tants of Staphylococcus aureus H with increasing resistance to penicillin. The work was undertaken in an attempt to determine the basis for the increased nonpenicillinase resistance to penicillin exhibited by these strains. Penicillin is believed to exert its action by binding to and inactivating murein transpeptidase (3, 9, 10) . Our data suggest that, instead of modification of the penicillin-sensitive murein transpeptidase itself, mutation has yielded resistant strains in which a fraction of the total murein transpeptidase which is active in biosynthesis of murein in the septal region is prevented from reacting with penicillin.
MATERIALS AND METHODS
Bacterial strains. S. aureus H, sensitive to bacteriophage types 52A, 79, and 80, was the parent, wild-type strain. Penicillin-resistant mutants of this strain were obtained in the following manner. An inoculum of S. aureus H was grown in 2-liter flasks with shaking at 37 C. The medium, which contained 0.5% yeast extract (Difco), 0.5% peptone (Nutritional Biochemicals), and 0.3% K2HPO4, was adjusted to pH 7.3 and then sterilized. Sterile glucose was added to cooled medium at 0.1% final concentration. A 25-ml amount of stationary overnight culture was added to 2-liter Erlenmeyer flasks containing 475 ml of medium with varying amounts of penicillin. After the flasks were shaken for 24 hr at 37 C, the culture from the flask with the highest concentration of penicillin that allowed I Present address: Department of Pharmacology, University of Dundee, Dundee, Scotland. heavy growth was used to inoculate the next series of flasks. Thus, populations of cells were secured which reacted similarly to penicillin but which were not necessarily genetically homogeneous. Because of the method of selection, all cultures grew rapidly so that there was little danger of back mutants replacing the original population. All of the mutant strains obtained were sensitive to phages 52A and 80, as was the wild-type parent strain H. Mutants were obtained which required 0.5, 1.8, 10, 20, 30, 60, 250, 1,000, and 5,000 ,ug of penicillin G per ml to inhibit their growth. The growth of the parent strain H was inhibited by 0.06 ,g/ml.
Measurement of murein synthesis. Cells were harvested from growth medium when the cell density had reached approximately 0.4 mg (dry weight) per ml, washed with 0.03 M potassium phosphate buffer, pH 6.8, and . In all experiments, the penicillin employed was benzyl penicillin (penicillin G). Samples (2-ml) were taken at appropriate times and added to 0.5 ml of 25% trichloroacetic acid to stop the reaction.
To isolate insoluble murein, the fractionation procedure of Park and Hancock (6) Assay for accumulation of nucleotide-bound N-acetyl muramic acid derivatives. Penicillin was added to 200 ml of rapidly growing S. aureus cells in the yeast extract-peptone medium when the cell density reached 0.4 mg (dry weight) per ml. The culture was shaken at 37 C for an additional 60 min. The cells were harvested, washed with water, and resuspended in 4 ml of water. One milliliter of 25% trichloroacetic acid was added, and the suspension was allowed to stand in the cold for at least 10 min to extract the acid-soluble constituents. The extract was clarified by centrifugation, and a 0.1-ml sample was taken for analysis. This sample, contained in 0.25 ml of 0.1 N HCI, was heated at 100 C for 4 min to liberate the reducing group of N-acetyl muramic acid from the uridine diphosphate intermediate (5) . It was then carefully neutralized to a phenolphthalein endpoint. After addition of 0.1 ml of 0.5 M borate, pH 9.6, the sample was heated for 8 min at 100 C. When it had cooled, 2.5 ml of glacial acetic acid and 0.5 ml of a solution containing 2% p-dimethylaminobenzaldehyde and 2% concentrated HCI in glacial acetic acid was added, and the mixture was incubated in a water bath at 37 C for 20 min to develop the color. The absorbance was read at 582 nm and compared with standard samples of N-acetyl glucosamine treated as above. The color yield of unhydrolyzed samples was negligible. Previous work has shown that the bound Nacetyl amino sugar content of penicillin-treated S. aureus H is composed entirely of uridine-5'-pyrophosphate N-acetyl muramic acid and the amino acid-containing derivatives (5) which are precursors of murein.
Quantitative determination of amino acids and amino sugars by two-dimensional chromatography. Samples of murein were hydrolyzed in open tubes covered by inverted beakers with 0.3 ml of redistilled constant boiling HCI at 121 C for 2 hr in an autoclave. The hydrolysates were dried at 45 C in a stream of air. They were dried twice in 0.2 ml of water and then dissolved in 0.1 ml of 1 M NH4HCO, to hydrolyze esterlike forms of muramic acid which were formed when the samples were dried. After clarification by centrifugation, samples containing 0.1 to 0.2 Mmole of glutamic acid were placed on sheets of Whatman no. I paper (46 by 28.5 cm). To control the area of application, small samples were applied repeatedly to the paper. The first solvent used, 2-butanol-formic acid-0.5% aqueous ethylenediaminetetraacetic acid (EDTA) (7:2: 1), was run for 18 hr. The solvent used in the second dimension (short direction), 80% purified pyridine, was run for 3.5 hr. After each solvent was run, papers were dried at 70 C for 15 min. Areas containing the individual amino acids and amino sugars were detected by spraying papers with 0.25% ninhydrin in water-saturated n-butanol containing 5% acetic acid and then drying at 70 C for 30 min. These areas were cut out so that all spots of a given amino acid or amino sugar (and appropriate paper blanks) were the same size. Each area was cut into small pieces, placed in acid-washed test tubes, and wet with 0.3 ml of methanolic borate [9.28 g of boric acid and 32.5 ml of 6 N KOH diluted to 500 ml with methanol (1)]. Tubes were placed in a vacuum dessiccator over H2SO4 for 2 hr to remove NH3 and reacted with excess ninhydrin (11) , and the chromogen was measured colorimetrically in comparison with the standards which had been hydrolyzed and chromatographed under the same conditions. Samples were run in triplicate.
RESULTS
Effect of penicillin on murein synthesis by resistant mutants of S. aureus. The mutants were tested for their ability to synthesize murein in the presence of penicillin. The test (see above) involves incorporation of amino acids into that fraction of the murein of intact cells which remains particulate during extraction with hot trichloroacetic acid, 75% ethanol, and trypsin. This fraction has been shown to be predominately murein, with less than 5% "nonwall" amino acids (6) . The murein from normal cells survives this treatment, but includes only fragments which are covalently linked to the insoluble murein.
The results are summarized in Table 1 . When tested in the presence of the minimal concentration of penicillin required by that particular mutant to inhibit growth (minimal inhibiting concentration, MIC), murein synthesis by each mutant was inhibited about 20%. At 10 times the MIC, inhibition was usually from 30 to 50%, and, at 100 times the MIC, inhibition was 50 to 80%. Thus, all strains responded similarly to penicillin, "similarly" meaning that a highly resistant mutant, e.g., one which required 1,000 times as much penicillin as the original parent for its growth to be prevented, required 1,000 (5) . These activated derivatives of N-acetyl muramic acid are precursors of murein. The accumulation of these precursors in the mutants in the presence of penicillin followed the pattern observed with the parent (Table 2 ). In the presence of the MIC of penicillin, a significant amount of precursor accumulated; in the presence of 100 times the MIC of penicillin, a much larger accumulation occurred. The basal level of precursors in the mutants was somewhat higher than that of the parent. But the general conclusion to be drawn from this experiment is that the mutants respond to corresponding amounts of penicillin relative to the MIC in the same way the parent does and to a similar extent. The precursors which accumulated in the mutants were not further characterized, but it is known that, in the parent, all the bound N-acetyl hexosamine measured in this test represents precursors which contain N-acetyl muramic acid derivatives bound to uridine-5'-pyrophosphate (5). (5) .
Composition of the cell walls of the penicillinresistant strains. The amino acid and amino sugar composition of cell walls (Table 3) , isolated from cells ruptured by shaking with glass beads (8) , was determined quantitatively as described above. The composition of all the walls was similar except that the most resistant strains contained significantly less alanine. The most resistant strains lacked the ester-linked D-alanine that is a normal component of the teichoic acid of S. aureus H.
The mutants also differ from the parent in containing significantly more murein per milligram of cells. The mutants contain 40 to 140% more wall than the parent (Table 3 ) and synthesize murein at a rate about twice that of the parent (Table 1 , footnote b). The experiments described thus far suggest that the penicillin-resistant mutants make the same murein by the same pathway as the parent. This is indicated, in particular, by their similar dose response to penicillin as measured by the accumulation of nucleotide-bound precursors and by the amount of insoluble murein synthesized in the presence of penicillin. This dose-dependent type of response requiring a given amount of penicillin relative to the MIC to obtain a given response could come about in any of several ways.
Absence of penicillinase in the strains studied. Inactivation of penicillin by the mutants is one possible way to effect the dose response observed, although penicillinase production by a penicillinase-negative strain has never been achieved by mutation in the past. Nevertheless, because the MIC varied by a factor of four de Availability of murein transpeptidase as measured by binding studies with "C-penicillin. One likely way for cells to become resistant to penicillin is for the penicillin-sensitive target, presumably murein transpeptidase (9, 10), to be modified in such a way that a higher concentration of penicillin is required for its inactivation. Unfortunately this enzyme cannot be assayed in cellfree preparations of S. aureus, so direct measurement of a possible reduced reactivity towards Table 4 is that the mutants, in contrast to the parent, bind more penicillin per gram of cells under growth conditions than under nongrowth conditions. This may indicate that the target site is occupied by substrate or protected by a membrane barrier either of which can be partially relieved by the growth condition.
As will be reported elsewhere, exposure of normal cells to penicillin in a buffer not allowing murein synthesis has little or no effect on the subsequent rate of murein synthesis in the absence of penicillin as measured by the assay described in this report. However, prior exposure to penicillin does reduce the extent of crosslinking in the insoluble murein synthesized. Fur- 'Cells were grown to one-third to one-half maximum growth in yeast extract-peptone medium, washed, and suspended at a concentration of I or 2 mg dry wt per ml in 0.01 M phosphate (pH 6.6) containing 0.1 ,ug of '4C-penicillin per ml and incubated for 30 min at 22 C. The cells were washed in buffer four times by centrifugation, resuspended in buffer, and finally counted in a gas flow counter.
c When cells had grown in yeast extract-tryptone medium to about one-fourth maximum, 0.1 tig of penicillin per ml was added, and incubation at 37 C with shaking was continued for 30 min. The cells were harvested, washed, weighed, and counted as above.
thermore, cells which were exposed to penicillin while synthesizing murein in murein synthesis medium under the test conditions (see above) were also able subsequently to synthesize murein at the normal rate when the penicillin was removed. However, as shown in (7), and this is true for S. aureus H (data not shown). As would be expected from these facts, when log cells are transferred, after 20 min in chemically defined growth medium with penicillin, into penicillin-free chemically defined growth medium, they recover the ability to synthesize murein within 10 or 15 min (Fig. 1) .
If an inhibitor of protein synthesis such as 10 Ag of tetracycline per ml is present during the recovery period, very little recovery occurs (Fig. 1) . This suggests that recovery requires synthesis of a new protein, presumably the cross-linking enzyme, to replace that inactivated by the covalently-bound penicillin.
As noted previously, the exposure of cells to penicillin during a period of murein synthesis in murein synthesis medium (i.e., in the absence of protein synthesis) was not sufficient to completely inactivate murein transpeptidase. Hence, the increased binding of penicillin to the mutants under growth conditions in yeast extract-peptone medium is not due simply to increased exposure In the mutant strains, the pattern is similar except that the more resistant the strain, the more penicillin is required to obtain a given effect. In terms of the MIC, however, all strains are essentially equivalent: expose any mutant strain to 100 x its own MIC of penicillin, and it will respond quantitatively in the same manner as the parent.
The murein of the mutants appears identical to that of the parent though the more resistant mutants contain about twice the normal amount of murein. The only other significant difference between the parent and the resistant mutants is in the binding of penicillin. The mutants bind more penicillin to growing cells than to nongrowing cells, whereas this difference is almost negligible in the parent. Although this suggested that a permeability barrier might exclude penicillin from some of the binding sites, no additional binding sites were exposed when the cells were ruptured.
The highly resistant strains rapidly bind penicillin when exposed to 0.1 gg of "4C-penicillin per ml. The rate is comparable to that of the parent and suggests that the binding site, presumably murein transpeptidase, has not been significantly modified by mutation. We are thus compelled to consider that the resistant strains may contain the same murein transpeptidase as the parent. Furthermore, the resistant strains do VOL. 108, 1971 
